Epigenetic modulation is an important mechanism of miRNA dysregulation in cervical cancer. In this study, we firstly studied how this mechanism contributes to miR-375 downregulation in cervical cancer cells. Then, we further studied the association between miR-375 and MALAT1 (metastasis associated lung adenocarcinoma transcript 1) in epithelial mesenchymal transition (EMT) of the cancer cells. HPV-16 positive SiHa and CaSki cells were used as in vitro model. Our data showed that HPV-16 E6 positively modulated DNMT1 expression in both SiHa and CaSki cells. Knockdown of DNMT1 partly restored miR-375 levels in the cells. The following methylation-specific PCR (MSP) assay and qRT-PCR analysis showed that methylation was common in the promoter region of miR-375 in both SiHa and CaSki cells and demethylation partly restored miR-375 levels in the cells. Therefore, we infer that miR-375 is downregulated partly due to promoter hypermethylation mediated by DNMT1 in HPV-16 positive cervical cancer cells. Our bioinformatics analysis showed that MALAT1 has three putative binding sites with miR-375 and the following dual luciferase assay confirmed two of them. QRT-PCR analysis showed that miR-375 overexpression significantly reduced MALAT1 expression, while MALAT1 overexpression reversely suppressed miR-375 levels. Therefore, we infer that there is a reciprocal regulation between miR-375 and MALAT1 in the cells. In SiHa cells, miR-375 overexpression or MALAT1 siRNA partly restored E-cadherin expression, significantly reduced N-cadherin and also reduced invasion capacity of SiHa cells. Therefore, these results suggest that miR-375 and MALAT1 form a functional axis modulating EMT in cervical cancer.
Introduction
Cervical cancer is the third most frequent cancer in women [1, 2] . It is clear that persistent infection of high risk human papillomavirus (HR-HPV), typically HPV-16 and HPV-18 is the key risk factor of cervical carcinogenesis [3] . HPV-16 and HPV-18 infection is observed in over 70% of cervical cancer cases [4] . HPV-16 and HPV-18 E6 and E7 are two key cDNA library as a template and inserted into pLV4 expression vector, named pLV4-MALAT1 according to the methods introduced in one previous study [24] . Lentiviral particles were produced by co-transfecting expression vector pLV4-MALAT1 with viral particle packaging helper vector into 293T cells. SiHa and CaSki cells were infected with the packaged lentivirus. The efficiencies of overexpression were determined by qRT-PCR. All transfections were performed in triplicate.
To assess the effect of methylation on miR-375 expression, SiHa and CaSki cells were cultured with 2.5 μM 5-AZA-dC (Sigma-Aldrich, St. Louis, MO, USA), a DNA methylation inhibitor for 48 hours, and then were harvested for the methylation-specific PCR (MSP) assay and qRT-PCR analysis of miR-375 expression.
QRT-PCR analysis
Total RNAs in cell samples were extracted using TRIzol reagent (Invitrogen). cDNAs were synthesized using the PrimeScript RT reagent Kit (TaKaRa, Dalian, China). E6 mRNA, DNMT1 mRNA and MALAT1 expression were measured using qRT-PCR with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and gene specific primers, E6: forward, 5'-CAGCAATACAACAAACC G-3' , reverse, 5'-GCAACAAGACATAC ATCG-3'; DNMT1: forward, 5'-CCACCATCACAT CTCATTT-3' , reverse, 5'-GGTCTAGCAACTCGTTCTC-3'; and MALAT1: forward, 5'-AAAGCAAGGTCTCCCCACAAG-3' , reverse, 5'-GGTCTGTGCT AGATCAAAAGGCA-3' .
MiRNAs specific cDNA was synthesized using the stem-loop primers and the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). MiR-375 expression was quantified by using TaqMan MicroRNA Assays (Assay ID: 000564; Life Technologies, Carlsbad, CA, USA). All PCR was conducted in an ABI Prism 7500 system (Applied Biosystems). The 2 -ΔΔCt method was used to calculate relative RNA expression. Results were shown by three independent experiments (n = 3).
Western blot analysis
Total protein from cells were extracted by using RIPA buffer (50 mM TrisHCl, 150 mM NaCl, 2 mM EDTA, 1% NP-40 and 0.1% SDS). Total protein concentration was measured by using the BCA protein assay (Beyotime, Shanghai, China). Samples containing 30 μg protein was loaded in each lane, separated on 10% SDS PAGE gel and then transferred onto nitrocellulose membranes for a conventional western blot analysis. Antibodies used include Anti-E6 (1:500, sc-460, Santa Cruz Biotechnology, Santa Cruz, CA, USA) anti-DNMT1 (1:2000, ab87656, Abcam, Cambridge, UK), anti-E-cadherin (1:1000, #3195, Cell Signaling, Danvers, MA, USA) and anti-N-cadherin (1:1000, #13116, Cell Signaling). β-actin served as loading control and was detected by using ant-β-actin (1:500, ab8229, Abcam). Membranes were washed and incubated with corresponding HRP-labeled secondary antibodies. Protein signals were detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, lL, USA) and intensity of each band was quantified by ImageJ software. Results were shown by three independent experiments (n = 3).
Bioinformatics analysis and primers for MSP
The binds sites between MALAT1 and miR-375 were predicted using DIANA tools (http:// carolina.imis.athena-innovation.gr/diana_tools/web). The CpG island and the possible methylation sites in the promoter regions of miR-375 were predicted by using MethPrimer (http:// www.urogene.org/methprimer/). The primers used for Methylation-Specific PCR were also designed with MethPrimer. Results were shown by three independent experiments (n = 3).
Dual luciferase assay
Based on the predictions, the fragments of MALAT1 containing the predicted wild type (WT) or mutant (MT) miR-375 binding sites were chemically synthesized and inserted into the downstream of the luciferase gene of pmirGLO Dual-Luciferase miRNA Target Expression Vector between XhoI/XbaI sites (Promega). The recombinant plasmids were named as pmirGLO-MALAT1-WT1, pmirGLO-MALAT1-WT2, pmirGLO-MALAT1-WT3, pmirGLO-MALAT1-MT1, pmirGLO-MALAT1-MT2 and pmirGLO-MALAT1-MT3 respectively.
Hela cells were cultured in 12-well plate and then were co-transfected with the recombinant reporter plasmids (0.5 μg), pRL-TK (20 ng) and miR-375 (50 nM) or the scramble negative controls using Lipofectamie 2000 (Invitrogen). 24 h later, the cells were harvested and lysed. The luciferase activities were determined with a dual-luciferase assay reporter system (Promega, Madison, WI, USA), according to the manufacturer's instructions. Firefly luciferase activity was normalized to that of Renilla luciferase.
MSP assay
Genomic DNA was extracted from samples with a DNeasy tissue kit (Qiagen). Bisulfite reaction was performed using 5 μg of genomic DNA with the EpiTect Bisulfite Kit (Qiagen) according to manufacturer's instruction. Then MSP was performed following the methods introduced in one previous study [25] with methylated-specific primers (M): forward, 5'-TTTTCGTTTTCGTTATTAAGGTTTC-3' and reverse, 5'-GACCCAACCTAACTTAAC TTCGTC-3' (product size: 239bp); and unmethylated-specific primers (U): forward, 5'-TTTT TGTTTTTGTTATTAAGGTTTT-3' and reverse, 5'-CAACCCAACCTAACTTAACTTCAT C-3' (product size: 240bp). PCR products were verified by 2.5% agarose gel electrophoresis.
Fluorescence microscopy
SiHa cells after transfection were cultured on coverslips. Then, the cells were fixed, permeabilized in 0.1% Triton X-100 and blocked in 1% BSA. The coverslips were incubated with primary antibodies against E-cadherin (#3195, Cell Signaling) and N-cadherin (#13116, Cell Signaling) respectively at 4°C overnight. Secondary Anti-Rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor1 555 Conjugate) (#4413, Cell Signaling) was used to detect E-cadherin, while Anti-Rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor1 488 Conjugate) (#4412, Cell Signaling) was used to detect N-cadherin. The coverslips were incubated with the secondary antibodies for 1 hour at room temperature in the dark. Nuclei were stained using Prolong1 Gold Antifade Reagent with DAPI (#8961, Cell Signaling). Immunofluorescent images were obtained using an Olympus IX81 inverse microscope (Tokyo, Japan). Each experiment was performed in triplicate.
Transwell analysis of cell invasion
Transwell assay was performed to according to the methods introduced in one previous study [22] . Briefly, 1×10 5 cells were suspended in 200 μL serum free RPMI-1640 medium and then plated into the upper chamber. To create chemoattractant environment in the lower chamber, it was filled with RPMI-1640 supplemented with 20% FBS. After 24 hours incubation in a cell incubator, cells on the top surface of the insert were removed. The cells on the bottom surface were fixed with 4% polyoxymethylene and the number of invading cells were counted after staining with 0.1% crystal violet. Each experiment was performed in triplicate. 
Results

HPV-16 E6 enhances DNMT1 expression in cervical cancer cells
Previous studies reported that HPV-16 E6 protein may upregulate DNMT1 expression, which is an important enzyme enhancing DNA methylation [8, 26] . In this study, we firstly explored the association between of HPV-16 E6 and DNMT1 in HPV-16 positive SiHa and CaSki cells. E6 siRNA significantly suppressed E6 expression at mRNA (S1 Fig) and protein level (Fig 1A) , while transfection of pcDNA3.1-E6 substantially enhanced E6 mRNA (S1 Fig) and protein expression in SiHa and CaSki cells (Fig 1B) . Knockdown of endogenous HPV-16 E6 significantly suppressed DNMT1 expression ( Fig 1A and 1C) , while HPV-16 E6 overexpression substantially enhanced DNMT1 expression in both SiHa and CaSki cells (Fig 1B and 1D ).
HPV-16 E6 and DNMT1 knockdown increases miR-375 expression in cervical cancer
MiR-375 has been reported as an important tumor suppressive miRNA that is usually downregulated in cervical cancer cells [13] [14] [15] . However, the mechanism of its suppression is not clear. Hypermethylation in the promoter regions has been reported as a cause of miR-375 downregulation in breast cancer [16] and in esophageal cancer [17] . Therefore, we hypothesized that hypermethylation might also be a mechanism of suppressed miR-375 expression in cervical cancer cells. SiHa and CaSki cells were transfected with DNMT1 siRNA (S1 Fig). The following qRT-PCR assay showed that both HPV-16 E6 siRNA (Fig 2A) and DNMT1 siRNA ( Fig 2B) significantly increased miR-375 expression.
MiR-375 is downregulated due to promoter hypermethylation mediated by DNMT1
By performing bioinformatics analysis, we found a CpG island in the 0 to -500 bp region in the promoter of miR-375 ( Fig 3A) . To further detect the methylation status in this region, we designed two pairs of primers for MSP assay. The results showed that methylation is common in the promoter region of miR-375 in both SiHa and CaSki cells (Fig 3B) . Knockdown of DNMT1 had similar effect as 5-AZA-dC treatment in reducing the level of methylation in the cells (Fig 3B) . Besides, demethylation partly restored miR-375 levels in the cells (Fig 3C) . These results suggest that miR-375 is downregulated at least partly due to promoter hypermethylation mediated by DNMT1.
There is a reciprocal regulation between miR-375 and MALAT1 in cervical cancer cells
Previous studies reported that MALAT1 is an oncogenic lncRNA in cervical cancer and its downstream regulation in the cancer cells have been gradually revealed [21] [22] [23] . Based on our bioinformatics analysis, we found that MALAT1 has three putative binding sites with miR-375 ( Fig 4A) . Therefore, we decided to further investigate whether there is a reciprocal regulation between miR-375 and MALAT1. SiHa and CaSki cells were firstly transfected for miR-375 overexpression (Fig 4B) or MALAT1 overexpression (Fig 4C) . MiR-375 overexpression significantly reduced MALAT1 expression in the cells (Fig 4D) , while MALAT1 overexpression reversely suppressed miR-375 levels (Fig 4E) . These results suggest that there is a reciprocal regulation between miR-375 and MALAT1 in the cancer cells. To further verify the binding between MALAT1 and miR-375, the luciferase reporter plasmids carrying wild type MALAT1 fragments with predicted miR-375 binding sites and the mutant plasmids with sequences carrying mutant binding sites were generated. Following dual luciferase assay verified two binding sites among the three predicted sites (Fig 4F-4H) . 
MiR-375 can suppress EMT of cervical cancer cells partly via downregulating MALAT1
Previous studies reported that miR-375 and MALAT1 are involved in regulation of EMT in multiple types of cancer [27] [28] [29] . Therefore, we further investigated the regulative role of miR-375 and MALAT1 in EMT of cervical cancer cells. In SiHa cells, we found that the cells had a very weak expression of epithelial marker E-cadherin but had a strong expression of mesenchymal marker N-cadherin (Fig 5A and 5C ). SiHa cells were transfected with MALAT1 siRNA for knockdown (S1 Fig) . MiR-375 overexpression or MALAT1 siRNA partly restored E-cadherin expression and also significantly reduced N-cadherin (Fig 5A and 5B) . Following immunofluorescent staining confirmed these trends (Fig 5C) . Since EMT is an important mechanism of enhanced tumor cell invasion and metastasis, we further detected how miR-375 and MALAT1 modulate invasion capacity of SiHa cells. Transwell assay showed that both miR-375 overexpression and MALAT1 knockdown significantly reduced invasion capacity of SiHa cells (Fig 5D) . mechanism of miR-375 downregulation in cervical cancer cells [39, 40] . Therefore, we decided to further investigate the details about methylation-mediated transcriptional repression of miR-375 in cervical cancer cells. HR-HPV infection and the following expression of viral oncogenic proteins contribute to a series of dysregulated biophysical process. HPV-16 E6 and E7 protein can modulate methylation of tumor suppressor genes such as MT1G, NMES1, RRAD, SFRP1, SPARC and TFPI2 in SiHa and CaSki cells [7] . Repression of E6 and E7 oncogenes can induce degradation of DNMTs [7] . Another study also observed that knockdown of E6 in HPV-16 positive human cervical carcinoma SiHa and CaSki cells directly lead to repression of DNMT1 protein and promoter activity [8] . In this study, we also confirmed that HPV-16 E6 can positively modulate DNMT1 expression in both SiHa and CaSki cells. Knockdown of DNMT1 partly restored miR-375 levels in the cells. The following MSP assay and qRT-PCR analysis showed that methylation is common in the promoter region of miR-375 in both SiHa and CaSki cells and demethylation partly restores miR-375 levels in the cells. Therefore, we infer that miR-375 is downregulated due to promoter hypermethylation mediated by DNMT1 in HPV-16 positive cervical cancer cells.
Discussion
In the past years, the notion of competing endogenous RNAs (ceRNAs) was proposed to explain a new regulatory mechanism of RNA, which explains the RNAs can cross-talk with each other through competing shared for miRNAs and thereby modulating the bioavailability of miRNAs on their targets [41] . MALAT1 has previously been identified as an oncogenic lncRNA at least via acting as miRNA sponge in several types of cancer. MALAT1 can act as a competing endogenous RNA to regulate ZEB2 expression by sponging miR-200s in clear cell kidney carcinoma [42] . It can also sponge miR-124 and increase the expression of miR-124 target gene GRB2 and promote growth and invasion of HR-HPV positive cervical cancer cells [22] . According to previous research findings, both miR-375 and MALAT1 are involved in regulation of EMT in multiple types of cancer [27] [28] [29] . However, whether there is any association between miR-375 and MALAT1 is not clear. Our bioinformatics analysis showed that MALAT1 has three putative binding sites with miR-375 and the following dual luciferase assay confirmed two of them. QRT-PCR analysis showed that miR-375 overexpression significantly reduced MALAT1 expression, while MALAT1 overexpression reversely suppressed miR-375 levels. Therefore, we infer that there is a reciprocal regulation between miR-375 and MALAT1 in cervical cancer cells. In SiHa cells, miR-375 overexpression or MALAT1 siRNA partly miR-375 and MALAT1 Form an Axis Modulating EMT in Cervical Cancer restored E-cadherin expression, significantly reduced N-cadherin and also reduced invasion capacity of SiHa cells. Therefore, these results suggest that miR-375 and MALAT1 form a functional axis modulating EMT in cervical cancer. One previous study reported that miR-375 can directly target HPV-16 E6 mRNA and decrease its translation [43] , while HPV-16 E6 can enhance MALAT1 expression in cervical cancer cells [18] . In combination with our findings, we infer that there is a negative feedback regulation between miR-375 and E6 via DNMT1, which constitutes a part of a network among MALAT1, miR-375 and HPV-16 E6 in cervical cancer cells (Fig 6) .
Conclusion
MiR-375 is epigenetically downregulated due to promoter hypermethylation in cervical cancer cells, which is mediated by HPV-16 E6 enhanced DNMT1 upregulation. In addition, there is a reciprocal regulation between miR-375 and MALAT1, which is involved in epithelial-mesenchymal transition (EMT) of cervical cancer cells. 
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